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Response Diversity and the Timing of Progenitor
Cell Maturation Are Regulated by Developmental
Changes in EGFR Expression in the Cortex
Robert C. Burrows,* Deborah Wancio,² Pat Levitt,³ of generating neurons or glial cells and in their migratory
behavior. The molecular mechanisms underlying theand Laura Lillien³§
maturation of cortical progenitor cells during embryonic*Department of Neuroscience
development are unknown, but recent studies suggestand Cell Biology
that timing mechanisms based on both temporal changesUniversity Medicine and Dentistry of New Jersey
in extracellular signals and intrinsic changes in progeni-Robert Wood Johnson Medical School
tor cells contribute to the process (McConnell and Kaz-Piscataway, New Jersey 08854
nowski, 1991; Frantz and McConnell, 1996; Eagleson et²Department of Neurobiology and Anatomy
al., 1997; Qian et al., 1997).Allegheny University of the Health Sciences
Growth factors have previously been shown to affectPhiladelphia, Pennsylvania 19129
many of the cellular events involved in corticogenesis,³Department of Neurobiology
including survival, proliferation, differentiation, and mi-University of Pittsburgh
gration (for example, Ferri and Levitt 1993, 1995; GhoshPittsburgh, Pennsylvania 15261
et al., 1994; Zhou et al., 1994; Ghosh and Greenberg,
1995; Yamada et al., 1995; Canoll et al., 1996; Craig et
al., 1996; Michaelson et al., 1996). Many of these factorsSummary
are pleiotropic and often elicit several responses from
the same progenitor cell (for example, Lillien and Claude,Early cortical progenitor cells of the ventricular zone
1985; Korsching, 1993; Barres et al., 1993; Verdi et al.,
(VZ) differ from later progenitor cells of the subventri-
1994; Qian et al., 1997). Several studies have addressed
cular zone (SVZ) in cell-type generation and their level the mechanisms that regulate response diversity during
of epidermal growth factor receptors (EGFRs). To de- development, and indicate that specific responses to
terminewhether differences in their behaviorare caus- the same signal may reflect different thresholds of re-
ally related to EGFR number/density, we introduced ceptor stimulation. Most of this work has focused on
extra EGFRs into VZ cells with a retrovirus in vivo and developmental changes in the availability of ligands (Raz
in vitro. This results in premature expression of traits and Shilo, 1993; Diaz-Benjumea and Hafen, 1994;
characteristic of late SVZ progenitor cells, including Schweitzer et al., 1995; Gabay et al., 1996; Golembo et
migration patterns, differentiation into astrocytes, and al., 1996), but there is also evidence that differences in
proliferation of multipotential cells to form spheres. receptor number (Traverse et al., 1994) or density (Sim-
The choice between proliferation and differentiation ske et al., 1996) can influence the level and/or duration
depends on ligand concentration and progenitor cell of receptor activation, resulting in distinct cellular re-
age and mayreflect different thresholds of stimulation. sponses (Traverse et al., 1994).
The level of EGFRs expressed by progenitor cells in Previous studies in the retina have demonstrated that
the cortex may therefore contribute to the timing of the number/density of EGFRs expressed by progenitor
their maturation and choice of response to pleiotropic cells increases during embryonic development, and that
receptor levels are limiting for proliferation and/or differ-environmental signals.
entiation, depending on the age of progenitor cells (Lil-
lien, 1995; Lillien and Wancio, unpublished data). Pro-Introduction
genitor cells that give rise to the cerebral cortex also
express EGFRs and respond to receptor stimulation inDuring corticogenesis, cells in the proliferative regions
several ways. At early stages of cortical development,lining the lateral ventricles, the ventricular (VZ) and sub-
progenitor cells in the VZ do not respond to EGF orventricular (SVZ) zones, differentiate into neurons and
TGFa by dividing (Kilpatrick and Bartlett, 1993; Ferri etglia that migrate toward the pial surface of the devel-
al., 1996), but instead differentiate into neurons express-oping brain. Neurons, arising mostly from the VZ, exhibit
ing a particular regional identity (Ferri and Levitt, 1995).a classic ªinside-outº pattern of lamination, such that
During later stages of embryonic development, whenthe deeper layers of the cortical plate (CP) are generated
the SVZ begins to develop, cortical progenitor cells ac-first, and the more superficial layers are generated later
quire the competence to divide in response to EGF and(Berry et al., 1964; Hicks and D'Amato, 1968; Rakic,
TGFa (Kilpatrick and Bartlett, 1995). In fact, the SVZ in1974). Glial cells, arising mostly from the SVZ, exhibit a
late embryonic as well as adult brain has been reportedbilaminar distribution pattern in the marginal zone and
to contain a small population of progenitor cells thatdeep cortical plate initially (Kostovic et al., 1975; Voigt
remains multipotential and capable of extensive prolifer-
1989) but then settle uniformly throughout the cortex
ation as well as self-renewal in response to EGF and
(Levison et al., 1993; Zerlin et al., 1995). In the rat, neu-
TGFa (Reynolds and Weiss, 1992, 1996; Reynolds et al.,
rons are generated primarily between embryonic day 12 1992). The mechanisms underlying these changes are
(E12) and E17, whereas glial cells aregenerated primarily unknown, but one of the ways in which cortical progeni-
during late embryonic and early postnatal stages (re- tor cells change is their expression of EGFRs, which
viewed by Bayer and Altman, 1991). Early (VZ) and later increases during late embryonic and early postnatal de-
(SVZ) progenitor cells therefore differ in their probability velopment (Seroogy et al., 1995; Eagleson et al., 1996;
Kornblum et al., 1997), as observed in retina (Lillien and
Wancio, unpublished data).§To whom correspondence should be addressed.
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Figure 1. Virus Infects Progenitor Cells in the VZ of Cortical Explants
Explants of E15 cortex were infected and stained 1 day later with X-gal (A), diamidophenylindole (B), or BrdU (C). The infected cells are located
in the lower third of the explant, below the developing CP, and within the region labeled by BrdU (C) that defines the VZ. The tissue in (C)
was exposed to BrdU for 2 hr prior to fixation. Over the 4 days in culture, progenitor cells in explants continue to divide, differentiate, and
migrate, illustrated by a thickening of the MAP-21 CP. Scale bar 5 250 mm.
To determine whether changes in the behavior of cor- Results
tical progenitor cells are causally related to the number/
General Properties of Retroviral Infectionsdensity of EGFRs that they express at different stages of
The replication incompetent retroviruses used in thesematuration, we introduced extra EGFRs into progenitor
studies selectively infect dividing progenitor cells andcells in the VZ in the context of a normal cellular environ-
transduce either the histochemical marker b-geo (b-ga-ment in vivo and in vitro, and in the context of variable
lactosidase 1 neomycin phosphotransferase) alonelevels of ligand in vitro. Extra receptors were introduced
(control virus) or coexpress b-geo and the wild-typeat midembryonic development in vivo and at three times
human EGFR (EGFR virus) (Lillien, 1995). In vivo, virusduring development in vitro: E12, before the onset of
was injected into the lateral ventricles of E14 and E15neurogenesis when only the VZ is present; E15, during
embryos, selectively infecting VZ cells (Austin andthe period of peak neurogenesis, when the SVZ is just
Cepko, 1990). In vitro, progenitor cells in explants ofbeginning to form; and E18, at the end of neurogenesis
E12, E15, and E18 cortex were exposed to virus in aand the onset of substantial gliogenesis, when the VZ
way that favors infection of VZ cells (Figures 1A andis reduced, the SVZ has become more prominent (Hicks
1B). This experimental strategy facilitated infection of
and D'Amato, 1968; Raedler and Raedler, 1978; Bayer
VZ cells almost exclusively; for example, 1 day after
and Altman, 1991), and EGFR expression normally in- infection of cortical explants at E15, nearly all labeled
creases (Eagleson et al., 1996; Kornblum et al., 1997). cells were located in the VZ. Progenitor cells in explants
This approach allowed us to modulate both receptor divide, migrate, and differentiate in close approximation
and ligand levels at different ages to assess affects on to progenitor cells in vivo (Figure 1).
progenitor cell behavior. The experiments indicate that To compare the relative level of virally transduced
changes in EGFR levels may participate in the matura- huEGFR to endogenous EGFR, brains infected in utero
tion of the proliferative regions during cortical develop- at E15 were stained 6 days postinjection, and explants
ment, modulating responsiveness to environmental sig- infected at E15 were stained 1 day postinfection. Sec-
nals that regulate proliferation, cell fate, and migration tions were double labeled with antibodies against b-gal
to identify infected cells and an anti-EGFR antibody thatproperties.
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located throughout the cortex, and noninfected cells in
the cortex (n 5 15) and SVZ (n 5 10), the location of the
highest endogenous immunoreactivity at E21, indicated
that the level of virally transduced receptor was z2.5-
fold greater than the average level of endogenous EGFR
(Figure 2C), i.e., within a physiological range for later
progenitor cells. At the time of infection (E14±E15), the
level of endogenous receptor is much lower (Figure 2B).
Even 1 day after infection, however, relatively high levels
of the virally transduced EGFR could be detected immu-
nohistochemically (Figure 2B). Retroviral infection thus
provided a means to examine the biological responses
of VZ cells prematurely expressing higher levels of the
EGFR in the context of a normal cellular environment,
as well as in the presence of variable concentrations of
ligand in vitro.
EGFR-Infected Cells Show Early Changes
in Migration in Vivo
Initial examination of the distribution of cells infected in
vivo with controlor EGFR viruses following short survival
times revealed differences in their distribution within
the developing cerebral wall. The laminar distribution of
X-gal-stained cells in the animals injected at E15 and
sacrificed 2 days later (E15 1 2) was determined as
described in Experimental Procedures. In animals in-
fected with the EGFR virus, as in control infected ani-
mals, z90% of the labeled cells were located in the
deepest half of the developing wall, but more of these
cells had moved away from the zone (quarter) closest
to the lateral ventricle compared to control infected cells
(Figure 3a). Thus, the EGFR-infected cells exhibited a
modest migratory shift as early as 48 hr postinfection.
To analyze changes in migration after a longer period
of survival (E15 1 5), the developing cerebral wall was
divided into five morphologically distinct zones (Boulder
Committee, 1970), and the positions of cells were deter-
mined by staining with anti-b-gal antibody (see Experi-
mental Procedures). Quantitative analysis of cell distri-
bution in the five zones highlighted the pronounced
difference in laminar distribution of the EGFR-infected
Figure 2. Expression of Endogenous and Virally Transduced EGFR cells compared to control infected cells (Figure 3b). The
(A) Micrograph of E21 cortex (just below the CP) infected with EGFR difference in cell distribution was most noticeable in
virus at E15. The section was stained with an antiserum that recog- two regions, the proliferative and marginal zones. For
nizes both the virally transduced and endogenous forms of the EGFR example, in animals infected with the control virus, there
(left section), and double labeled with rabbit anti-b-gal to identify
was a 5-fold difference in the percentage of cells re-infectedcells (right section). Note the staining of both EGFR-infected
maining in the proliferative regions compared to thecells and uninfected neighboring cells at this age.
EGFR-infected cells. The marginal zone of control in-(B) Section of an E15 explant stained with the same EGFR antiserum
1 day after infection with EGFR virus. The section was double labeled fected animals contained only 3% of the total stained
with anti-b-gal to identify infected cells. The only cells that appear population. In sharp contrast, there was a 9-fold in-
to be labeled with the EGFR antibody are the virally infected cells. crease in the proportion of EGFR-infected cells in the
(C) Histogram comparing the mean fluorescence intensity of virally
marginal zone, accounting for z27% of the total stainedtransduced and endogenous EGFRs at E21 in vivo. EGFR-infected
cell population. The observations suggest that in-cells (42) and 25 uninfected cells (10 in cortex, 15 in SVZ) were
creased EGFR expression in VZ cells results in enhancedanalyzed in sections from three animals. Note that the level of virally
transduced EGFR expression is at most only severalfold higher than migration of cells away from the proliferative zones, pro-
the level expressed by normal progenitor cells in the SVZ at this ducing an atypical distribution pattern in the developing
late embryonic age. Scale bar 5 50 mm. cortex at E20.
Laminar Distribution of EGFR-Infected Cells in the
recognizes both the virally transduced huEGFR and the Cortical Plate Is Characteristic of Glia
endogenous EGFR (Figure 2). Fluorescence intensity To examine this atypical settling pattern further, we ana-
lyzed the distribution of infected cells within the CPvalues from line scans through infected cells (n 5 42),
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Figure 3. Quantitative Analysis of the Lami-
nar Distribution of EGFR and Control Infected
Cells In Vivo
(a) Brains infected on E15, analyzed 2 days
later. Note the modest shift of the EGFR-
infected cells away from the deepest zone,
representing the VZ. Chi-square analysis for
trends showed the groups to be statistically
different at the P , 0.033 level.
(b) Animals infected on E15, analyzed 5 days
later exhibit a pronounced skewing of the dis-
tribution of cells away from the VZ and toward
the marginal zone (MZ). Chi-square analysis
showed the groups to be different at the P ,
0.0001 level.
(c) Analysis of the distribution of E15 1 5
infected cells within the subplate (CP1), deep
(CP2), and superficial (CP3±CP4) CP shows
a similar pattern.
(d) Analysis of complete laminar distribution
of cells from control and EGFR-infected ani-
mals (E15 1 5) shows the striking bilaminar
pattern of the EGFR-infected cells in CP1
(subplate) and the MZ and a more classic
distribution of the control infected cells.
(e) E14 1 4.
(f±h) E14 1 7. Analysis was done as described
for the E15-injected group. Chi-square analy-
sis showed the groups to be different at the
P , 0.0001 level.
as described in Experimental Procedures. In animals late prenatal and early postnatal cortex (Kostovic et al.,
1975; Voigt, 1989). The production of large numbers ofinfected with the control virus, the laminar distribution
was biased toward the deeper layers of the developing astrocytes from E15 cortical progenitors after just 5 days
would be highly unusual, based on classic thymidineCP, characteristic of the typical inside-out pattern of
cortical neuronal development (Berry et al., 1964; Hicks birth dating (Hicks and D'Amato, 1968; Smart and Smart,
1982; Ignacio et al., 1995) and immunostaining (LeVineand D'Amato, 1968; Rakic, 1974) (Figure 3). Cells resid-
ing in the CP that were infected with the EGFR virus and Goldman, 1988). To confirm their identity, infected
cells were examined by double labeling with an antibodyexhibited a more restricted distribution, biased toward
CP1, the deepest layer. Thus, the vast majority of the against the virally transduced b-gal and antibodies spe-
cific for cells of the astroglial lineage, the early glialEGFR-infected cells resided in two morphologically dis-
tinct locations, the deepest part of the developing CP marker S100b or the late marker glial fibrillary acidic
protein (GFAP). There was a marked difference in cell(CP1) and the superficial marginal zone (Figures3 and 4),
more characteristic of fetal astroglial cells than neurons. phenotype, with a 5-fold increase in the percentage of
EGFR-infected cells that express S100b and a 6-foldSimilar changes in the distribution of infected cells were
observed following injections at E14 (Figures 3e±3h). increase in the percentage that express GFAP (Figure
5a). Consistent with our analysis of cell position in the
developing cerebral wall, the vast majority of theEGFR-Infected Cells Express Glial Markers
Prematurely In Vivo S100b1 cells in the EGFR-infected animals resided in
two morphologically distinct zones, the deepest layersThe abnormal bilaminar pattern of EGFR-infected cells
in the E15 1 5 fetuses is characteristic of the reported of the CP (CP1), and the superficial marginal zone (Fig-
ure 5b).distribution of the earliest differentiating astrocytes in
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to later progenitor cells that already express higher lev-
els of the receptor should not alter their behavior. To
address these issues, and the contribution of limitations
in ligand availability, we analyzed the behavior of pro-
genitor cells infected at different ages and exposed to
different concentrations of ligand in explant and mono-
layer cultures.
In vitro, infecting progenitor cells in the VZs of E15
dorsolateral cortical explants also resulted in an in-
crease in the proportion of cells that expressed the
astrocyte markers S100b or GFAP prematurely (Figure
5c), as observed in vivo. The addition of exogenous
TGFa (1±10 ng/ml) to EGFR-infected cells increased the
proportion of cells that expressed these markers (Figure
5d). In contrast, exogenous ligand did not increase the
proportion of astrocytes in explants infected with control
virus (Figure 5d). Similar effects of receptor and ligand
were observed in explants of E12 cerebral hemispheres
(Figure 5e). When explants of E18 cortex were infected
with EGFR virus and compared to control infected cells,
however, no further increase in GFAP expression was
observed after 4 days (Figure 5f). These observations
suggest that EGFR levels, rather than ligand levels, limit
competence to respond to EGFR stimulation by in-
creased astrocyte development at E12 and E15. By E18,
however, the expression of endogenous EGFRs ap-
proaches levels that are saturating for the generation of
astrocytes. Sufficient endogenous ligand therefore is
present in explants and in vivo at midembryonic stages
to drive the extra, virally transduced EGFRs.
Biased Cell-Type Choice and Proliferation Contribute
to Premature Overrepresentation of Astrocytes
Premature expression of high levels of the EGFR in pro-
genitor cells in the VZ resulted in early overrepresenta-
tion of astrocytes. We analyzed the possible contribu-
tions of changes in proliferation, survival, and cell-type
specification to this effect by performing a clonal analy-
sis in vitro. Progenitor cells in the VZ of E12, E15, and
E18 explants were infected with either control virus orFigure 4. Micrographs Show the Anatomical Distribution of EGFR-
EGFR virus, dissociated 1 day postinfection, and sus-Infected Cells in the Developing Cortex of an E15 1 5 (Top) and an
pensions of cells that included a small number of in-E14 1 7 Fetus
fected cells and a large excess (at least 500-fold) ofInfected cells were visualized immunocytochemically using anti-b-
gal. At both ages, there is a striking bilaminar distribution of cells uninfected cells were grown in the absence or presence
in the subplate and deep CP (CP1±CP2) and superficial MZ. Scale of TGFa in monolayer cultures. Approximately equal
bar 5 50 mm. numbers of infected cells were present in each culture
initially. After 3 days, cultures were stained with anti-b-
gal to identify infected clones and double labeled with
EGFR Levels Become Saturating for Astrocyte MAP-2 as a neuronal marker or with S100b or GFAP as
Generation with Age glial markers.
These observations suggest that introducing extra When E12 or E15 cells were dissociated 1 day after
EGFRs prematurely into VZ cells causes them to behave infection and grown as monolayers on poly-ornithine
like later SVZ cells, which normallyexpress more EGFRs. without TGFa, the majority of clones from both control
They support the hypothesis that expression of a critical virus and EGFR-infected cells contained MAP-21 neu-
number/density of EGFRs by cortical progenitor cells is rons, and ,30% contained S100b1 or GFAP1 astro-
required for progenitor cells to respond in specific ways cytes (Figure 6). In the presence of exogenous TGFa
to EGFR stimulation, but they do not demonstrate that (1.0±10 ng/ml, added daily), however, the proportion of
the altered behavior of early progenitor cells represents EGFR-infected clones containing astrocytes increased
the same response to EGFR stimulation that would be at least 3-fold, though no change was observed in con-
exhibited normally by later SVZ cells. Moreover, one trol infected cultures (Figure 6). Similar results were
observed using EGF instead of TGFa (data not shown).prediction of this hypothesis is that adding extra EGFRs
Neuron
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Figure 5. Quantitative Analysis of Cell Phenotype Following Infections In Vivo at E15 and in Explants Infected at E12, E15, and E18
(a) In vivo, phenotype was analyzed 5 days postinfection with control or EGFR virus. The percentage of cells labeled with both b-gal and
either GFAP or S100b reveals an increase in glial phenotype among EGFR-infected cells.
(b) Laminar distribution of infected cells expressing b-gal and S100b in animals infected on E15 and sacrificed 5 days postinfection on E20.
Closed bars represent control infected cells, and open bars represent the EGFR-infected cells.
(c±f) Explants were infected with control virus or EGFR virus at either E15, E12, or E18 and cultured for 3±4 days with or without TGFa (1±10
ng/ml, added daily). As in vivo, adding extra EGFRs to ,E18 progenitor cells enhanced astrocyte development.
An increase in the proportion of clones containing did not affect clone size in control infected cultures,
consistent with previous reports that cortical progenitorastrocytes was also observed when EGFR-infected E12
cells were cultured on Matrigel rather than poly-orni- cells are not mitotically responsive to EGF or TGFa at
these early ages (Kilpatrick and Bartlett, 1993; Ferri etthine. For example, in one experiment, 26% of clones
on Matrigel contained S100b1 cells in the absence of al., 1996). Most neuron-containing clones were small,
with one to three cells, whether derived from cellsTGFa, compared to 91% in the presence of TGFa (10
ng/ml). infected with control virus or EGFR virus. Not all large
clones were composed exclusively of GFAP1 or S100b1The addition of TGFa to cultures of E12 and E15 cells
infected with EGFR virus increased mean clone size cells, however, suggesting that other types of cells, such
as neurons, O-2A lineage cells (Raff, 1989), or undiffer-(number of cells per clone) compared to cultures grown
without ligand, indicating that proliferation was en- entiated progenitor cells might also be present in these
clones.hanced (Table 1). Clone number (number of clones per
culture) was similar with and without ligand, indicating In cultures of E18 cells, most clones infected with
control virus contained neurons in the absence of TGFa,that ligand did not enhance survival (Table 1). TGFa
EGFR-Mediated Signaling in Cortical Development
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Figure 6. Clonal Analysis of E12, E15, and
E18 Cortical Progenitor Cells in Monolayer
Cultures
Progenitor cells were infected with control
virus or EGFR virus and cultured as mono-
layers 1 day later. After 3 days in monolayer
culture in the absence or presence of ligand
(TGFa, 1±10 ng/ml, added daily), cultures
weredouble labeled with anti-b-gal to identify
infected clones, and either anti-MAP-2 to
identify neurons, and anti-GFAP or anti-
S100b to identify astrocytes. Each bar repre-
sents the mean 6 SEM from three to five ex-
periments in which 42±206 clones were
counted per condition.
and ,10% contained astrocytes (Figure 6). However, development therefore confers the ability to respond to
EGFR stimulation prematurely in at least one way thatwhen TGFa was added without introducing extra EGFRs
at this age, the proportion of clones that contained normal progenitor cells respond several days later.
astrocytes rose to z50%, with a complementary decline
in the proportion that contained neurons. Clone number
Introducing Extra EGFRs into Early VZ Cells Conferswas not significantly altered by TGFa, though average
Competence to Respond Like Later SVZ Cells:clone size increased (Table 1). Adding extra EGFRs had
Proliferation of Multipotential Cellslittle further effect on response to TGFa. For example,
In addition to responding to EGFR stimulation by in-in one experiment, 60% of control infected versus 67%
creased astrocyte development, later SVZ progenitorof EGFR-infected E18 clones contained S100b1 astro-
cells can also respond by dividing to form spheres ofcytes when cultured in TGFa (10 ng/ml). This further
multipotential cells (Reynolds et al., 1992) when grownsuggests that the number of EGFRs expressed by pro-
under culture conditions that differ in several ways fromgenitor cells is limiting for thedevelopment of astrocytes
conditions used for clonal analysis (see Experimentalat early stages of embryonic development but becomes
Procedures). As Figure 7a illustrates, the ability to re-saturating at later stages.
spond to either EGF or TGFa by dividing to generateClonal analysis therefore indicates that two mecha-
spheres can first be detected in cultures of E16±E17nisms are likely to contribute to the increased astrocyte
dorsolateral rat cortex. Adding extra EGFRs to E12 anddevelopment observed after introducing extra EGFRs
E15 cells also conferred the ability to respond in thisinto early progenitor cells: enhanced proliferation and
manner (Figure 7b). Most spheres were composed pre-biased specification of multipotential cells to favor a glial
dominantly of cells that express virally transducedcell fate. Normal progenitor cells acquire competence to
huEGFRs and b-gal (Figure 8); for example, 85.6 6 3.7%respond to EGFR stimulation in this way between E15
and E18. Introducing extra receptors at early stages of of spheres generated in 0.1 ng/ml EGF expressed the
Neuron
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Table 1. Clone Size and NumberhuEGFR, indicating that they were derived from EGFR-
infected cells. Only 1/1000±1/500 of the original popula- Clone
tion of cells cultured was infected, suggesting that the Age Virus Ligand Clone Size Number N
receptor1 spheres are clonal, though it is possible that E12 EGF-R 2 2.1 6 0.1 44 6 4.5 3
an individual cell infected with EGFR virus can generate E12 EGF-R 1 7.0 6 0.4 54 6 2.1 3
more than one sphere (see below). The cells that give E12 Control 2 2.1 6 0.1 ND 3
E12 Control 1 1.9 6 0.03 ND 3rise to spheres appear to be multipotential in that
spheres can generate neurons, oligodendrocytes, and E15 EGF-R 2 1.6 6 0.1 20.2 6 1.4 6
astrocytes (Figure 8). They also contain a small popula- E15 EGF-R 1 6.9 6 0.6 24.8 6 2.7 6
tion of cells (6.3 6 1.2%, N 5 3 experiments) that can E18 Control 2 1.6 6 0.4 13.2 6 1.5 6
generate secondary spheres, as reported for spheres E18 Control 1 6.6 6 0.7 14.5 6 1.3 6
derived from later SVZ cells (Reynolds et al., 1992; Ves-
Explants were infected with control or EGFR virus at either E12,
covi et al., 1993). A more detailed analysis of the pheno- E15, or E18, dissociated 1 day later, and cultured in TGFa (1±10 ng/
typic potential of these cells has been performed in vivo ml, added daily). Clone size and number were determined after 3
(Barbe and Lillien, unpublished data). days in vitro by staining with anti-b-gal antiserum to distinguish
clones of infected cells. N, number of cultures analyzed per experi-The probability that a cell infected with either control
ment. Similar resultswere observed inat least two otherexperimentsvirus or EGFR virus will generate a sphere was estimated
per age.as described in Experimental Procedures (Table 2). The
results suggest that adding EGFRs prematurely to early
progenitor cells conferred the ability to respond to re-
ceptor stimulation as normal progenitor cells would re- on progenitor cell age. Normally, E16±E18 cells could
spond several days later. Moreover, the appearance of generate spheres of multipotential cells in response to
cells capable of responding in this manner at later em- EGF and TGFa without the introduction of extra EGFRs
bryonic stages does not reflect theemergence of a sepa- (Figure 7a). When extra EGFRs were added to E18 cells,
rate lineage. Rather, the competence of individual pro- however, the probability that they generate spheres de-
genitor cells changes: progenitor cells infected with clined significantly when treated with concentrations of
control virus at E15 acquired the capacity to respond ligand that were normally effective (Table 2). In contrast,
to EGF by forming spheres over 3 days in culture (Table adding extra EGFRs did not impair the differentiation of
2, compare control virus E15, 1 day and E15, 4 days). later progenitor cells into astrocytes at these concentra-
Adding EGFRs to early cortical progenitor cells also tions of ligand (Figures 5 and 6). A reduction in the
reduced the concentration of ligand required for optimal probability of generating spheres was also observed
responses by at least 10-fold compared to normal pro- when E16 progenitor cellswere infected with EGFR virus
genitor cells from E18 cortex. For example, in one exper- and cultured 1 day later with 1 ng/ml EGF: only 8 6
iment, the probability of generating spheres from E18 3.6% of infected cells (N 5 3 experiments) generated
cells was 356% in 1 ng/ml EGF, but only 31% in 0.1 spheres. Surprisingly, lowering the concentration of li-
ng/ml EGF. In contrast, optimal responses among gand 10-fold (to 0.1 ng/ml) increased the probability of
EGFR-infected cells were seen at 0.1 ng/ml EGF (see generating spheres to 66 6 1.5% (N 5 3 experiments).
below). The observation that .100% of infected cells The concentration of ligand that optimally stimulated
sometimes generated spheres, particularly when grown the proliferation of multipotential cells therefore de-
in EGF, suggests that individual progenitor cells gener- clined with increasing progenitor cell age.
ate more than one sphere in these cultures.
Discussion
Choice of Response Depends on Ligand
Concentration and Progenitor Cell Age Progenitors of the developing cerebral cortex undergo
a normal transition from VZ to SVZ cells that parallelsThe observations described above suggest that progen-
itor cells expressing a critical number of EGFRs can the shift from generation of neurons to glia. This phe-
nomenon is accompanied by a substantial increase inrespond to receptor stimulation in at least two ways,
division of multipotential cells or differentiation into EGFR expression (Eagleson et al., 1996; Kornblum et
al., 1997). In the present study, by prematurely elevatingastrocytes. Several mechanisms appear to contribute
to the choice between proliferation and differentiation. EGFR levels, we induced early progenitors, which nor-
mally produce neurons and migrate to specific layers ofThe probability of generating spheres of multipotential
cells depended in part on ligand concentration. For ex- the CP, to behave as late, SVZ progenitors that normally
produce glia and migrate to distinct regions of the cere-ample, in one experiment the average probability that an
E15 progenitor cell infected with EGFR virus generated bral wall. Under appropriate culture conditions, adding
extra EGFRs to early VZ cells also conferred anotherspheres 1 day after infection was 106% in 0.1 ng/ml
EGF, 67% in 1.0 ng/ml EGF and only 17% in 10 ng/ml property characteristic of later SVZ cells, proliferation
of multipotential cells to generate spheres when stimu-EGF. A similar concentration-dependent decline was
observed in five different experiments. In these experi- lated with EGF or TGFa. Taken together with previous
studies in the retina (Lillien, 1995; Lillien and Wancio,ments, ligand was added every fourth day. When added
daily, as in the cultures used for clonal analysis, 1.0 unpublished data), our observations in cortex suggest
that temporal changes in EGFR number/density mayng/ml had effects comparable to 10 ng/ml added every
fourth day. represent a general mechanism for modulating the be-
havior of progenitor cells during development. ChangesThe probability of generating spheres also depended
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Figure 7. Generation of Spheres in the Ab-
sence or Presence of Virally Transduced
EGFRs
(a) Explants were infected with control virus
at either E12, E15, E16, or E18, dissociated
1 day later, and cultured in EGF or TGFa (1±10
ng/ml, added every fourth day) under condi-
tions that support the generation of spheres
of multipotential progenitor cells.The number
of spheres per culture was counted 10±12
days later. The data represent the mean 6
SEM from 3±11 experiments.
(b) Explants of E12 cerebral hemispheres
(hippocampus 1 dorsolateral cortex) and E15
dorsolateral cortex were infected with either
control virus or EGFR virus, and cultured un-
der the same conditions. Each bar represents
the mean 6 SEM from 5±12 experiments.
in the number/density of these receptors not only deter- state of progenitor cells. The fact that increasing EGFR
number/density in earlier cortical progenitor cells wasmine whether cells respond to specific extracellular sig-
nals at particular times during development, but also sufficient to confer competence to respond like later
progenitor cells indicates that the number/density ofcontribute to the specification of their responses to
these pleiotropic signals (Traverse et al., 1994; Lillien, EGFRs that they express is the critical determinant.
The expression of higher levels of EGFRs does not1995; Lillien and Wancio, unpublished data). Our study
suggests that the normal increase in EGFR expression appear to restrict the potential of progenitor cells, but
rather seems to raise the upper limit of receptor activa-by progenitor cells during late gestational ages may
serve as a mechanism in the control of progenitor cell tion that can be achieved. For example, when either
normal E18 cells or earlier progenitor cells expressingmaturation, modulating their choice of response to sig-
nals that affect regional identity, proliferation, cellular extra EGFRs were cultured at low density in the absence
of exogenous ligand, they still differentiated primarilyphenotype, and migration.
into neurons even though they expressed higher levels
of EGFRs (see Figure 6). Only after the introduction ofChanges in Progenitor Cell Behavior Reflect
Limitations in EGFR Expression sufficient exogenous ligand did these cells respond by
either dividing to generate spheres or differentiating intoWe have shown that the competence of cortical progeni-
tor cells to exhibit several responses to EGFR stimula- astrocytes, and many of the cells in spheres expressing
extra EGFRs differentiated into neurons upon with-tion changes during the period between E15 and E18.
This does not merely reflect a change at the population drawal of the ligand (see Figure 8). It is unclear from
these studies whether preferential differentiation intolevel; rather, the competence of individual progenitor
cells changes over time. Simply increasing the concen- neurons in the absence of exogenous TGFa or EGF
indicates that neurons represent a default fate (Qian ettration of ligand to which earlier cortical progenitor cells
were exposed was not sufficient to elicit certain re- al., 1997), or reflects the presence of neuron-inducing
signals in the cultures (Kilpatrick and Bartlett, 1993;sponses, though early progenitor cells are competent
to respond to EGFR stimulation in other ways (Ferri and Ahmed et al., 1995; Johe et al., 1996) or the influence
of prior exposure to neuron-inducing signals in vivo (Ea-Levitt, 1995; Eagleson et al., 1997). During the period of
development in which competence to respond to EGFR gleson et al., 1997).
stimulation changes, the expression of EGFRs by many
cortical progenitor cells normally increases (Eagleson EGFR Overexpression Accelerates
Departure from the VZet al, 1996; Kornblum et al., 1997). Differences in compe-
tence to exhibit specific responses to EGFR stimulation EGFR-mediated signaling has been implicated in the
regulation of migration in many systems. The alteredcould reflect a variety of changes in the maturational
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Figure 8. Cells in Spheres Generated Prema-
turely from E12 Progenitor Cells Following In-
fection with EGFR Virus Express the Virally
Transduced Human EGFR and Can Differen-
tiate into Neurons, Oligodendrocytes, or
Astrocytes
The spheres shown in (A) and (B) were gener-
ated after 14 days of exposure to EGF (0.1
ng/ml).
(A) A phase image of the spheres.
(B) Spheres were stained with an antibody
specific for the virally transduced huEGFR.
Spheres were then grown without ligand for
5 days and stained with anti-huEGFR ([C], [E],
and [G]) and either anti-MAP-2 (D) to identify
cells that differentiated into neurons, anti-Rip
(F) to identify oligodendrocytes, or anti-GFAP
(H) to identify astrocytes. Scale bar 5 30 mm.
migration exhibited by the EGFR-infected cortical cells 1968). Migration rates of 15±30 mm/hr have been esti-
mated from these studies (Hicks and D'Amato, 1968)may result from an increased rate of migration or a
premature onset of migration. Previous thymidine birth and from more recent time-lapse video microscopy of
cortical slices (O'Rourke et al., 1992). This range of mi-dating studies in rats have shown that normally, cells
first begin to reach the dorsal cortex 2±3 days after gratory rates is adequate for both EGFR and control
infected cells to achieve the laminar distribution patternsinitial uptake of the marker, with the majority of the cells
remaining in the germinal zones (Hicks and D'Amato, observed, and thus, a mechanism based on enhanced
Table 2. Probability of Generating Spheres from Infected Progenitor Cells
Cells Virus TGFa (1 ng/ml) TGFa (10 ng/ml) EGF (1 ng/ml) EGF (10 ng/ml)
E15, 1 day after infected Control 0 (N 5 3) 0 (N 5 3) 0 (N 5 6) 0 (N 5 4)
E15, 1 day after infected EGF-R 56.8 6 19.1 (N 5 5) 54.3 6 7.3 (N 5 7) 177.1 6 35 (N 5 7) 46.6 6 19.6 (N 5 5)
E12, 1 day after infected Control 0 (N 5 3) 0 (N 5 3) 0 (N 5 3) 0 (N 5 3)
E12, 1 day after infected EGF-R 37.7 6 3.4 (N 5 3) 67.7 6 13.9 (N 5 3) 86.0 6 19.3 (N 5 3) ND
E18, 1 day after infected Control 63.0 6 26.6 (N 5 2) 135.0 6 8 (N 5 2) 190.3 6 55 (N 5 3) 237 6 113 (N 5 3)
E18, 1 day after infected EGF-R 5.7 6 5.7 (N 5 3) 0 (N 5 3) 6.7 6 5.3 (N 5 3) 3.0 6 3.0 (N 5 3)
E15, 4 days after infected Control 9.3 6 2.2 (N 5 4) 25.0 6 3.8 (N 5 4) 48.0 6 10.5 (N 5 4) ND
E15, 4 days after infected EGF-R 6.0 6 2.4 (N 5 4) ND 8.3 6 2.6 (N 5 4) ND
Explants were infected with either control virus (transducing b-geo) or virus transducing wild-type EGFRs (and coexpressing b-geo). One day
or four days later, explants were dissociated and cultured in EGF or TGFa (1±10 ng/ml) under conditions that support the generation of spheres
of multipotential cells. The number of infected cells was counted 1 day after dissociation by staining with X-gal, and the proportion of spheres
that expressed the virally transduced genes 10±12 days later was determined by staining with either anti-b-gal or anti-huEGFR antibodies to
estimate the probability that an infected cell generates a sphere. N, number of experiments; ND, not determined.
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migration rates need not be invoked. Rather, the results ligand stimulation of cells expressing a critical level of
EGFRs, indicating enhanced proliferation of progenitorare consistent with a mechanism in which increases
in EGFR-mediated signaling stimulates the premature cells and/or astrocytes. Because astrocytes retain their
proliferative capacity outside of the germinal zones,departure of progenitor cells arising from both the E14
and E15 VZ. For example, an effect on migration can be astrocyte proliferation could contribute to the increase
in the proportion of astrocytes among EGFR-infectedseen as early as 48 hr after infection at E15 (see Figure
3a). With longer survival intervals, the cells infected with cells. Several observations suggest that selective expan-
sion of astrocytes alone, however, is not responsible forthe EGFR virus exhibited an even greater shift away
from the VZ, further supporting the interpretation that the changes that we observed. Accelerated departure
from the VZ can be detected as early as 48 hr postinfec-the EGFR-infected cells commence migration prior to
thecontrol infected cells. Consistentwith this interpreta- tion. In addition, very few astrocytes are present at E15,
and they are not likely to be infected by intraventriculartion, the migration of subependymal cells was enhanced
by EGF in adult rat forebrain (Craig et al., 1996), and an injections of virus. This suggests that introducing extra
EGFRs has its primary effect early, on the developmentabnormally thick VZ and an intermediatezone of variable
size were seen in mice that are genetic nulls for the of VZ cells, not on preexisting astrocytes. No further
increase in the proportion of astrocytes was seen be-EGFR (Threadgill et al., 1995).
tween 3 and 4 days postinfection in explants, or between
E20 and E21 in vivo, consistent with the interpretation
EGFR-Mediated Signaling Contributes that the early increase in the proportion of cells express-
to Cell Fate Choices ing astrocyte markers did not result exclusively from
Previous observations have implicated signaling via selective expansion of astrocytes. While we cannot ex-
EGFRs in the development of astrocytes. For example, clude the possibility that some of the cells that we in-
mice expressing reduced levels of TGFa have a de- fected were radial glia, the clonal analysis in vitro sug-
creased number of astrocytes (Weickert and Blum, gests that the majority of infected cells (.80%) are not
1995), and mice lacking EGFRs show delayed astrocyte radial glia but either multipotential or neuronally re-
development (Hussain et al., 1996). Several lines of evi- stricted progenitor cells.
dence in the present study indicate that signaling via Signaling via EGFRs may promote the development
EGFRs in the developing cortex contributes to the regu- of astrocytes by several different mechanisms, for ex-
lation of cellular phenotype. First, the laminar distribu- ample, affecting cell-type choice, maturation, and/or
tion of infected cells suggests a change in phenotype. proliferation. It could affect choice directly, or indirectly
The most striking difference in the laminar distribution by either inhibiting neuronal differentiation or modulat-
of EGFR-infected cells was the high percentage of cells ing the responsiveness of progenitor cells to other sig-
in the MZ (see Figures 3 and 4). The MZ normally con- nals that regulate their phenotype (Ahmed et al., 1995;
tains two major cell populations during prenatal devel- Gross et al., 1996; Johe et al., 1996; Qian et al., 1997).
opment, Cajal-Retzius cells from the preplate and While ourobservations suggest that signaling via EGFRs
astrocytes. Cajal-Retzius cells are generated during the participates in the regulation of cell fate, particularly the
earliest phase of VZ maturation (E12±E13 in the rat) choice between neuronal and astroglial differentiation,
(Konig et al., 1977; Bayer and Altman, 1990; Valverde et the observations that some astrocytes still develop in
al., 1995), whereas astrocytes are generated later, from EGFR null mice (Hussain et al., 1996) and that astrocytes
the SVZ (for example, see Bayer and Altman, 1991). can be induced by other signals, such as CNTF (Johe
Normally at E14 and E15, the ages infected, progenitor et al., 1996) and BMP-4 (Gross et al., 1996), suggest that
cells generate neurons that settle in the CP in an ªinside- there may be multiple ways of generating astrocytes.
outº pattern. The settling patterns of progenitor cells Rather than functioning specifically to regulate the neu-
infected with control virus in our study are consistent ronal±glial choice, it is more likely that a change in the
with this expected pattern. In contrast, the laminar distri- level of signaling via EGFRs regulates the timing of pro-
bution of cells infected with the EGFR virus at either genitor cell maturation, conferring the ability to respond
E14 or E15, following a 7 or 5 day survival, respectively, to EGFR stimulation inseveral ways that are characteris-
is characteristic of astrocytes at a later stage of develop- tic of later SVZ cells, one of which is the generation of
ment (Kostovic et al., 1975; Voigt 1989). astrocytes with a higher probability.
The second line of evidence for effects on cell fate is
the premature expression of the astrocyte markers Ligand Concentration Contributes
S100b and GFAP in vivo and in two types of culture to Response Specificity
preparations among approximately half of the EGFR- Different thresholds of EGFR stimulation have been sug-
infected cells. Moreover, in vivo, the majority of these gested to play a critical role in specifying responses in
cells were located in the marginal zone and deep layer several developing systems (Raz and Shilo, 1993; Diaz-
of the CP, as expected for fetal astrocytes. The third Benjumea and Hafen, 1994; Katz et al., 1995; Schweitzer
line of evidence is the observation of an increase in the et al., 1995; Gabay et al., 1996; Golembo et al., 1996).
proportion of clones containing astroglial cells in the Although thecomponent(s) that limit the extent of recep-
absence of significant effects on survival. Most cells tor activation may differ in specific systems, in most
that did not express an astrocyte phenotype instead cases, ligand availability appears to be limiting. In the
differentiated into neurons. This may reflect their com- present study, however, limitations in both receptor ex-
mitment to a neuronal fate prior to infection. pression and ligand availability influenced the way corti-
cal progenitor cells responded to stimulation of EGFRs.An increase in clone size was also observed following
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Figure 9. Model Illustrating the Different
Combinations of Receptor and Ligand Levels
That May Be Used to Generate Different
Thresholds of EGFR Stimulation, Resulting in
Distinct Cellular Responses in Cortical Pro-
genitor Cells at Different Stages of Maturation
Previous studies (Ferri and Levitt, 1995) dem-
onstrated that early VZ cortical progenitor
cells were responsive to EGF and TGFa, but
unlike later SVZ cells, they responded by ex-
pressing a phenotype characteristic of neu-
rons in limbic cortex rather than dividing or
differentiating into astrocytes.
Our results suggest that a critical level/density of EGFRs earlier (E15), addition of receptors still enhanced sphere
generation. In this culture assay,addition of extra EGFRsmust be expressed to generate at least two responses.
therefore revealed a significant change in cortical pro-The choice of responding by dividing as multipotential
genitor cells between E15 and E17. While a number ofcells rather than differentiating into astrocytes, however,
different mechanisms could be involved, the effect ofdepends at least in part on ligand concentration, as
reducing the concentration of ligand in E16 culturesshown recently for signaling mediated by FGF receptors
supports the idea that this step-like change in respon-(Qian et al., 1997).
siveness to exogenous EGFRs reflects changes in theIncreasing concentrations of TGFa or EGF tended to
level of endogenous EGFR signaling among cortical pro-reduce the probability of generating spheres of multipo-
genitor cells. Specific combinations of ligand and recep-tential cells after introducing extra EGFRs, but did not
tor levels may therefore be used to define thresholds ofreduce astrocyte differentiation in either explants or
receptor activation that result in distinct cellular re-monolayer cultures. This is consistent with observations
sponses. At later stages, when cells express morein PC12 cells (Traverse et al., 1994) and retinal progenitor
EGFRs, less ligand may be required to achieve lowercells (Lillien, 1995; Lillien and Wancio, unpublished
thresholds of receptor stimulation.data), where lower levels of EGFR stimulation were asso-
In vivo, most progenitor cells in the late embryonicciated with proliferation, higher levels with differentia-
and early postnatal cortex tend to differentiate predomi-tion. These observations, together with age-dependent
nantly into glial cells rather than behaving like multipo-changes in responsiveness discussed below, suggest
tential cells (Levison and Goldman, 1993; Luskin andthat proliferation to generate spheres of multipotential
McDermott, 1994; Reid et al., 1995). Many of these cellsprogenitor cells represents a lower threshold response
express relatively high levels of the EGFR normally (Ser-to receptor stimulation, differentiation into astrocytes a
oogy et al., 1995; Eagleson et al., 1996; Kornblum ethigher threshold response. Previous work demonstrated
al., 1997). The tendency to generate astrocytes eitherthat early cortical progenitor cells could respond to
normally at later embryonic and postnatal stages or pre-TGFa or EGF in combination with specific extracellular
maturely following introduction of extra receptors sug-matrix molecules present in Matrigel to expressa pheno-
gests that concentrations of ligands that stimulate
type characteristic of limbic cortical neurons (Ferri and
EGFRs are relatively high in explants and in vivo, even
Levitt, 1995). The observation that early progenitor cells
at times before many astrocytes are normally generated.
expressing extra EGFRs still differentiate into astrocytes EGFRs can be stimulated directly by TGFa and several
when cultured on Matrigel and exposed to TGFa indi- other ligands (Prigent and LeMoine, 1992), some of
cates that this combination of matrix and ligand per se which have been shown to be expressed in the devel-
does not specify a limbic cortical fate. This neuronal oping cortex (Lazar and Blum, 1992; Abraham et al.,
response may require an even lower threshold of recep- 1993). EGFRs can also form heterodimers with other
tor stimulation than proliferation to generate spheres members of the receptor family that bind heregulins
(Figure 9). (Pinkas-Kramarski et al., 1996).Preliminary observations
indicate that signaling via virally transduced EGFRs can
Intrinsic Differences in Progenitor Cells be activated by heregulins (L. L., unpublished data).
Contribute to Response Specificity These ligands and the receptors that bind them are
Adding extra EGFRs to E18 progenitor cells did not also expressed in proliferative regions of the developing
impair astrocyte differentiation but produced a surpris- cortex (Marchionni et al., 1993; Corfas et al., 1995), rais-
ing reduction in sphere generation. A similar reduction ing the possibility that members of this family, as well
was observed when EGFRs were added to E16 cells, as ligands that bind EGFRs directly, could be candidates
the age at which sphere production could first be elicited for endogenous ligands that modulate the behavior of
cells expressing critical levels of EGFRs.without addition of exogenous receptors. Just 1 day
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(Velu et al., 1989), which coexpresses b-geo, were described pre-Our results in vitro suggest that SVZ cells expressing
viously (Lillien, 1995). The EGFR virus expresses the antigenicallyhigher levels of EGFRs may only be able to generate a
distinct wild-type human form of the receptor (175 kDa). The con-lower threshold response like proliferation as multipo-
struct that we used contains an IRES sequence (Ghattas et al.,
tential cells, rather than differentiating into glial cells, 1991), which increases the frequency of coexpression of the EGFR
where ligand levels are sufficiently low, or at transition and the lineage marker, allowing the marker to be used to identify
infected cells. To confirm that cortical cells coexpress the virallyperiods before EGFR levels become too high. This has
transduced EGFR and b-geo at high frequency, as observed inimportant implications for the potential mobilization of
retinal cells (Lillien, 1995), some of the sections of brains infectedendogenous EGF-responsive stem-like cells (Reynolds
at E15 were processed for X-gal histochemistry, then stained immu-
and Weiss, 1992). To increase the likelihood that they nocytochemically using an antibody against the antigenically dis-
divide as multipotential cells, it may be necessary to tinct huEGFR and visualized with diaminobenzidine. While all cells
that expressed b-gal also expressed the huEGFR, z80% of theuse lower concentrations of exogenous ligand to mobi-
cells that expressed the huEGFR also expressed b-gal. Thus, in alllize them (Craig et al., 1996) or lower the concentration
subsequent analysis of the X-gal processed tissue, we used theof endogenous ligand.
presence of the blue precipitate as indicative of an infected cell.
Fetal SurgeryEGFR Contributes to Timing of Germinal
Timed pregnant Sprague-Dawley rats were obtained from HarlanZone Maturation
(Indianapolis, IN) and maintained on a 12 hr light±dark cycle with
Cortical progenitor cells have been reported to change free access to food and water. The vaginal plug date is considered
in many ways during mid to late fetal development, in- E0. Rats were anesthetized (with 4% chloral hydrate; 1 cc/100 g
cluding the extent of their potential to generate both body weight), the surgical field was sterilized, and the animals were
submersed in a 378C bath of Locke's solution (in M: 1.54 NaCl, 0.056neurons and glial cells (Williams and Price, 1995) and
KCl, 0.024 NaHCO3, and 0.022 CaCl2). The uterus was accessed bytheir competence to contribute to specific layers of the
a midline laparotomy, and the uterine horns were carefully lifted fromcortex (Frantz and McConnell, 1996). Temporal varia-
the abdominal cavity to float in the bathing solution. The cerebral
tions in the level of extracellular signals have been sug- vesicles of the fetuses were visualized via direct illumination with a
gested to mediate changes in the fateof cortical progen- fiberoptic light source under a surgical microscope. Injections were
performed through the uterine wall into the lateral ventricles of eachitor cells (Qian et al., 1997), suggesting environmental
fetus with a heat-pulled glass micropipet. Fetuses of a single damregulation of the maturation process. Alternatively, in-
were injected with z1 ml of the same viral supernatant having a titretrinsic differences among progenitor cells from different
of 5 3 106 to 1 3 107 CFU/ml and containing 0.8 mg/ml polybrene
stages of development have been observed (Frantz and and 10% fetal bovine serum. After recording the anatomical position
McConnell, 1996), and it has been suggested that differ- of the injected embryos within the uterine horn, the uterus was
returned to the abdominal cavity and closed with surgical suture.ential inheritance of asymmetrically distributed regula-
Fetuses were allowed to develop for variable survival times prior totory molecules could be involved in generating these
sacrifice. On the day of sacrifice, dams were anesthetized (withchanges (Chenn and McConnell, 1995; Zhong et al.,
sodium pentobarbitol; 50 mg/kg, intraperitoneally), and injected em-
1996). The developmental increase in EGFR expression bryos were harvested and perfused transcardially with 10 ml of 4%
among cortical progenitor cells could be driven by either paraformaldehyde in 0.1 M PIPES buffer (pH 7.2), containing 2 mM
MgCl2. Brains were removed and postfixed for 4 hr overnight at 48C.intrinsic or environmental mechanisms. There may also
be additional signaling pathways that contribute to the
Cell Localization In Vivotiming of progenitor cell maturation. Our results indicate,
Animals injected at E14 and sacrificed on E18 (E14 1 4) or on E15
however, that increasing the level of a single molecule and sacrificed on E17 (E15 1 2) were stained as whole mounts
prematurely is sufficient to produce a dramatic, rapid using standard X-gal histochemistry (Ausuble et al., 1995). Following
change in the maturation of progenitor cells. This is fixation, the brains were rinsed in phosphate-buffered saline (PBS),
separated into halves along the midsagittal plane, and washed inreflected by the acquisition of competence to respond
PBS. Sections on gelatin-coated slides were counterstained withto receptor stimulation in several ways that cannot be
Eosin Y, dehydrated, and mounted with Permount (Electron Micros-
elicited normally from early cells by stimulation of the copy Sciences). Animals injected on E14 and sacrificed on E21
same receptor with the same ligand. Our results suggest (E14 1 7) and those injected on E15 and sacrificed on E20 (E15 1
that different thresholds of stimulation underlie distinct 5) were processed immunocytochemically using standard proto-
cols, in which primary antibodies were applied as cocktails (b-gal:responses, and that the combination of receptor and
1:200, 5-Prime, 3-Prime Inc.; S100b: 1:400, Sigma; GFAP: 1:1000,ligand levels determine these thresholds. It is not known
Chemicon; and sheep anti-EGFR: 1:50, Upstate Biotechnology Inc.).
how different thresholds translate to distinct responses, Following extensive washing, sections were incubated for 1±2 hr in
but differences in components of signal transduction secondary antisera, Cy3-conjugated goat anti-rabbit IgG (Jackson
pathways or activation kinetics could be involved (Qiu ImmunoReasearch) at 1:1000 for b-gal, goat anti-sheep Cy3 (Jack-
son ImmunoResearch) for EGFR, goat anti-rabbit BODIPY-fluores-and Green, 1992; Rosen et al., 1994; Traverse et al.,
cein for b-gal, orOregon Green 488-conjugated goat anti-mouse IgG1994; Marshall, 1995; Daub et al., 1996; Graff et al.,
(Molecular Probes) for the S100b or GFAP. Sections were washed1996; Pinkas-Kramarski et al., 1996). Future studies will
extensively with PBSand mounted with 80% glycerol and 5% propyl
address the intracellular mechanisms that underlie dis- gallate. Sections from E14 1 4 animals infected with the EGFR virus,
tinct responses, helping to ensure that progenitor cells stained as whole mounts for X-gal, were processed immunocyto-
chemically, using standard protocols, for EGFR immunoreactivityrespond in specific ways at appropriate times and
(mouse anti-EGFR 1:100; Upstate Biotechnology Inc). Following ex-places during development.
tensive washing in PBS, sections were incubated for 1 hr in goat
anti-mouse IgG horseradish peroxidase. Sections were washed ex-
Experimental Procedures tensively and developed with 3939 diaminobenzidine tetrahydrachlo-
ride, dehydrated, and mounted with Permount.
Viruses
The construction of the replication incompetent control retrovirus Cell Counts In Vivo
transducing the lineage marker b-geo (Friedrich and Soriano, 1991) Cell counts performed on sections stained as whole mounts for
X-gal histochemistry were spaced at 90 mm intervals throughoutand the retrovirus transducing the wild-type human EGF receptor
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the rostrocaudal extent of the cerebral cortex. X-gal1 cells were determined to be 5 3 106±107 CFU/ml using 3T3 cells (Ausuble et
al., 1995). Growth factors were added daily to the medium beneathcounted using a Leitz DM RBE microscope with a 203 objective,
and their laminar location was recorded. Data were tabulated and the filters, beginning 1 day after infection. Similar results were ob-
tained with 1 and 10 ng/ml added daily, so results have been pooled.graphed using Sigma Plot 5.0 (Jandel Scientific). Cell counts on
sections stained immunocytochemically were performed on sec- Previous work by others suggested that the relative abundance of
multipotential cells is low at late embryonic ages in cortex (Williamstions spaced at least 60 mm apart, analyzed on a Leitz DM RBE
microscope using epifluorescent illumination and 203 and 403 ob- and Price, 1995). The mode of infection that we used targets the
progenitor cells lying near the ventricular surface. Our results sug-jectives.
For quantitative analysis of fluorescence intensity, images were gest that at E18, this population may be enriched for multipotential
cells relative to the rest of the proliferative zone. Monolayer cultures:captured and line scans were performed with a Bioquant Image
Analysis system (R and M Biometrics Inc., Nashville, TN). For analy- 1 day after explants were infected, tissue was treated with trypsin
(0.1%, Sigma) in Ca21±Mg21-free Hank's balanced salt solutionsis of migration, initial examination of tissue infected at E15 and
stained by X-gal 5 days later indicated that while cell distribution (GIBCO) for 20 min at 358C and triturated in DNase 1 egg white
trypsin inhibitor (0.1 mg/ml each, Sigma) in serum-free medium.in the cerebral wall of receptor-infected animals was similar between
brains, there was some variability in the number of receptor-infected Dissociated cells were pelleted by centrifugation and resuspended
in serum-free medium. Cells (105/well) in 0.4 ml serum-free mediumcells in the CP and marginal zone. This variabilty was not seen
in animals processed immunocytochemically for b-gal expression. (described above) with or without TGFa (recombinant human; Col-
laborative Biomedical) were cultured in 24-well plates containing 12Quantitative analysis was therefore performed using the antibody-
stained material in the E15 1 5 and E14 1 7 cases. Individual sec- mm glass coverslips coated with poly-ornithine (Sigma). Fresh TGFa
was added daily. In some experiments, cells or spheres (see below)tions from EGFR-infected brains usually contained many more
b-gal1 cells than controls. Comparisons in distribution were made were cultured on a layer of Matrigel (growth factor reduced, diluted
1:4 with serum-free medium; Collaborative Biomedical) on glassfrom the sum of all sections analyzed.
For analysis of migration 2 days after infections at E15, the cere- coverslips in 24-well plates. Sphere cultures: Cells dissociated as
described above were cultured on uncoated tissue culture plasticbral wall was divided into four equal zones, and the percentage of
cells within each zone was calculated. Control infected cells (N 5 (Costar) at 5 3 104 cells/well in 0.4 ml serum-free medium containing
TGFa or EGF (recombinant human; Upstate Biotechnology Inc.).140) from three animals and EGFR-infected cells (N 5 175) from
three animals were counted. Analysis was performed on sections Fresh medium (200 ml/well) and growth factors were added every
fourth day. This differs from cultures used for clonal analysis.of brains stained as whole mounts for X-gal histochemistry. For
analysis after 5 days, the cerebral wall was divided into five morpho- Spheres still could be generated if ligand was added daily, though
0.1 ng/ml added daily was equivalent to adding 1±10 ng/ml everylogically distinct zones, and the percentage of infected cells within
each zone was calculated. Infected cells were visualized immunocy- fourthday. To estimate the probability that an infected cell generates
a sphere, we counted the number of infected cells that were presenttochemically using anti-b-gal. Control infected cells (N 5 443) from
four animals and EGFR-infected cells (N 5 1340) from three animals initially, the number of spheres generated after 10±12 days, and the
proportion of spheres that were labeled with anti-huEGFR or anti-were counted. For analysis of cells 4 days after infections at E14,
cells were visualized in sections following whole mount X-gal histo- b-gal. To allow cells in spheres to differentiate, spheres were rinsed
by centrifugation (for 5 min at 1550 rpm) and transferred to Matrigel-chemistry. Control infected cells (136) from five animals and EGFR-
infected cells (1321) from three animals were counted. For analysis coated glass coverslips (described above) in serum-free medium
for 5±7 days.after 7 days, cells counted were visualized immunocytochemically
using anti-b-gal. In Figures 3f and 3h, control infected cells (N 5
345) from three animals and EGFR-infected cells (N 5 1782) from Cell Counts Using Immunocytochemistry and X-gal
three animals were counted. In Figure 3g, control infected cells (N 5 Histochemistry In Vitro
174) from three animals and EGFR-infected cells (N 5 1354) from Explants: Explants were fixed in4% paraformaldehyde (Sigma) over-
three animals were counted. night at 48C, rinsed, and embedded in 7.5% gelatin (Sigma). Frozen
For analysis of cellular phenotype, control infected cells (N 5 179) sections (10 mm) were stained overnight at 48C with either rabbit
from four animals and EGFR-infected cells (N 5 635) from three anti-b-gal (5-Prime, 3-Prime) or rabbit anti-human-specific EGFR
animals were counted for GFAP analysis; control infected cells (N 5 (Austral Biologicals) together with mouse anti-S100b (Sigma) or
276) from four animals and EGFR-infected cells (N 5 714) from three mouse anti-GFAP (Sigma). b-gal and EGFR antisera were visualized
animals were analyzed for S100 expression. Results are expressed with goat anti-rabbit Cy3 (Jackson ImmunoResearch); S100b and
as the mean 6 SEM. GFAP with goat anti-mouse BODIPY±fluorescein (Molecular Probes).
For staining with bromodeoxyuridine (BrdU), sections were treated
with 1 N HCl for 20 min and 0.15 M borate buffer for 10 min priorCultures
Explants: Timed pregnant Sprague-Dawly rats were euthanized with to incubation overnight with anti-BrdU (BU20a, gift of Dr. D. Mason)
(Magaud et al., 1988), which was visualized with anti-mouse Cy3CO2, and embryos were transferred to Hank's balanced salt solution
(GIBCO). Embryos were staged by crown±rump length and external (Jackson ImmunoResearch). For each condition, three to four ex-
plants in which 50±100 cells were counted per explant were used,features (Angulo y Gonzales, 1932; Long and Burlingame, 1938),
with plug date taken as E0. The cerebral hemispheres (hippocampus and the mean 6 SEM was determined. For X-gal histochemistry,
explants were fixed in 0.5% glutaraldehyde (Sigma) for 7.5 min,1 dorsolateral cortex) of E12 embryos, or the dorsolateral cortices
of E15, E16, or E18 embryos were dissected without removing me- rinsed in PBS, and incubated overnight in X-gal (Molecular Probes;
Ausuble et al., 1995) at 378C. Stained explants were embedded inninges and transferred to Nucleopore filters (0.2 mm pore size;
Costar) floating on culture medium in 35 mm dishes (Corning). The 7.5% gelatin (Sigma), frozen, sectioned (50 mm), and stained with
diamidophenylindole (Molecular Probes). Stained sections weretissue was placed on the filters with the meningeal surface up.
Culture medium consisted of either Dulbecco's Modified Eagle Me- mounted in glycerol±PBS and viewed with a Leitz DMR microscope
using bright field and epifluorescence. Monolayer cultures: Cov-dium:F12 containing N2 supplements (Bottenstein and Sato, 1979)
made up from individual components (Sigma) as described (Lillien erslips containing monolayers or spheres allowed to differentiate
were fixed in 4% paraformaldehyde for 10 min and stained for 1 hrand Cepko, 1992) and 25 mg/ml insulin but no serum or Dulbecco's
Modified Eagle Medium:F12 (1:1; GIBCO) containing 5% fetal calf at room temperature with either rabbit anti-b-gal (5-Prime, 3-Prime)
or rabbit anti-huEGFR (Austral Biologicals) together with mouse anti-serum (Hyclone) and 25 mg/ml insulin (bovine, Sigma). Explants were
infected 30±60 min after placement on filters by adding 25±30 ml of S100b (Sigma), mouse anti-GFAP (Sigma), mouse anti-MAP-2 (gift
of Dr. I. Fisher; Crandall and Fischer, 1989), ormouse anti-Rip (Devel-virus in culture medium to the tops of the filters. The virus does not
infect the overlying meningeal cells, but instead appears to collect opmental Studies Hybridoma Bank; Friedman et al., 1989). Antibod-
ies were visualized as described above. Coverslips were mounted inin the space beneath the explant, between the explant and the filter,
facilitating higher frequency and preferential infection of VZ cells glycerol±PBS. Spheres: Spheres were transferred to poly-D-lysine-
coated glass slides and allowed to attach for 3±4 hr. They were thenthan if explants are infected VZ up. The titer of the viruses was
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fixed for 10 min in 4% paraformaldehyde and stained with rabbit transcription of the EGF receptor in signaling by G-protein-coupled
receptors. Nature 379, 557±560.anti-b-gal (5-Prime, 3-Prime) or rabbit anti-human EGFR (Austral
Biologicals) for 1 hr at room temperature. Antisera were visualized Diaz-Benjumea, F.J., and Hafen, E. (1994). The sevenless signaling
with goat anti-rabbit Cy3 (Jackson Immunoresearch), and coverslips cassette mediates Drosophila EGF receptor function during epider-
were mounted in glycerol±PBS. mal development. Development 120, 569±578.
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